To obtain insight into the axis-forming mechanism in ascidian embryogenesis, Hroth, an ascidian counterpart of orthodenticlelotx, was isolated from Halocynthia roretzi and its expression in embryogenesis was examined by whole mount in situ hybridization. It was revealed that Hroth is expressed in both involuting mesoendoderm and anterior ectoderm during gastruiation while later expression is restricted to the sensory vesicle and anterior epidermis. Expression pattern of Hroth around gastrulation was compared with that of Hrlim, the ascidian LIM class homeobox gene that is known to be expressed during gastrulation. In the light of the present findings on the expression of Hroth, properties of the axis-forming mechanism in ascidian embryogenesis are discussed.
Introduction
The embryos of ascidians, members of the chordate, establish their body axis through gastrulation and neurulation in a similar manner to the vertebrate embryos (e.g. Conklin, 1905; Satoh, 1978) . Gastrulation of ascidians starts as invagination of vegetal blastomeres shortly after the 1 lo-cell stage and results in the larval body plan (Conklin, 1905; Satoh, 1978) . The ascidian larva possesses a hollow neural tube running most of the length of the animal body, under which the gut primodium (the endoderm) lies in the trunk. The notochord extends the length of the tail and three rows of muscle cells are on each side of the notochord (e.g. Katz, 1983) . The neural tube is formed by folding of the neural plate and differentiates into distinct regions along its anteroposterior axis (Satoh, 1978; Nicol and Meinertzhagen, 1988a , 1988b , 1991 . Both molecular and cladistic phylogenetic studies suggest that urochordates are the sister group of a lineage leading cephalochordates and vertebrates (Tokioka, 197 1; Schaeffer, 1987; Wada and Satoh, 1994) . Thus, some-* Corresponding author. Fax: +81426 772559. times the ascidian larva is regarded as a primitive form of vertebrates. Therefore, it is expected that mechanisms of body axis formation in ascidian embryos will be similar to, but in some aspects more prototypal than, those of vertebrate embryos. To understand better the body axis formation in ascidian embryos, we have decided to investigate expression of the homeobox genes which are supposed to be involved in this process. Among homeobox genes, orthodenticle (&)-related genes are of particular interest, since they have been shown to be involved deeply in anterior pattern formation in the embryogenesis of various animals (for review, see Finkelstein and Boncinelli, 1994) . otd was originally defined by the mutation that resulted in deletion of the anterior-most head structures of the Drosophila embryo . otd encodes a protein with the bicoid-related homeodomain which has a characteristic DNA-binding specificity (Hanes and Brent, 1989; . otd is expressed as a circumferential anterior stripe at the cellular blastoderm stage, which is consistent with the mutant phenotype (Hanes and Brent, 1989) . Recently, Otxl and 0tx2, murine counterparts of Drosophila otd, have been identified (Simeone et al., 1992 (Simeone et al., , 1993 . To date, homo-0925-4773/96/$15.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved PII SO925-4773(96)00600-4 logues of Otx genes have also been isolated from various vertebrates: zOtx1 and zOtx2 from zebrafish (Li et al., 1994) Xotx2 from Xenopus (Blitz and Cho, 1995; Pannese et al., 1995) and c-otx2 from chick (Bally-Cuif et al., 1995) . Overall amino acid sequences of vertebrate otx genes are highly conserved. Furthermore, all the vertebrate otx genes are expressed in the developing forebrain and midbrain (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; Bally-Cuif et al., 1995; Blitz and Cho, 1995; Pannese et al., 1995) . This suggests that vertebrate otx genes play a role in specifying the anterior portion of the central nervous system (CNS) that gives rise to telencephalon, diencephalon and mesencephalon. Recently, it has been shown that otd is expressed in the first of the three brain neuromeres of Drosophila CNS and that mutation of otd eliminates the first brain neuromere (Hirth et al., 1995) . These results raise the possibility that otd-related genes are involved in head development in both deuterostomes and protostomes. Furthermore, a function of vertebrate otx2 genes in gastrulation has also been suggested. During gastrulation, they are expressed in mesoendoderm as well (Li et al., 1994; Bally-Cuif et al., 1995; Pannese et al., 1995) . In every case, the expression site of otx2 during gastrulation and neurulation corresponds to or includes the region that is known to act as the head organizer, suggesting that otx2 functions in body axis formation in vertebrate embryos. Recent analyses of Otx2 knockout mice have clearly shown that this gene is required for formation of the normal node structure and induction of the anterior neuroectoderm (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) .
In the present study, we are concerned with an otdrelated gene of the ascidian, Halocynthia roretzi, for the following reasons. First, neural patterning in ascidian embryos has not been examined at the level of gene expression except for a study on the ascidian Hox gene, HrHox-Z, reported by our laboratory though several studies have been reported on the mechanisms of neural induction in the ascidian embryo (e.g. Reverberi et al., 1960; Nishida, 1991; Okamura et al., 1993) . Analysis of the expression of an ascidian otdrelated gene will provide us with clues to understand not only the mechanisms of neural patterning in ascidian embryos, but also evolutionary change in mechanisms of neural patterning among the chordates. Attention is focused on the time and exact positions that expression of an ascidian otd-related gene begins and the structure demarcated by the expression within the CNS.
Second, in vertebrates, the region called the organizer plays crucial roles in body axis formation (e.g. Spemann and Mangold, 1924; Waddington, 1932; Beddington, 1994; De Robertis et al., 1994) . We are interested in whether there is an equivalent region to the organizer of vertebrates in ascidian embryos. To approach this issue, expression of an ascidian otd-related gene during gastrulation and neurulation is inevitably to be examined.
Finally, we have recently reported the cloning and expression pattern of Hrlim, a LIM class homeobox gene of the ascidian . Hrlim is expressed in the blastomeres that start invagination initially in gastrulation, which is reminiscent of the expression pattern of the LIM class homeobox gene in Xenopus, Xlim-1 . Recent analysis of mice with mutated Lim-I which is a mouse homologue of Xlim-1 clearly demonstrated that this gene plays a critical role in body axis formation (Shawlot and Behringer, 1995) . In the Xenopus embryo, Xotx2 and Xlim-1 have been shown to be co-expressed in the prospective prechordal mesoderm (Taira et al., 1992; Blitz and Cho, 1995; Pannese et al., 1995) . Therefore, it is of particular interest to compare the expression pattern of an ascidian otd-related gene with that of Hrlim in the development.
Here, we report the cloning and the expression pattern of Hroth, an ascidian cognate of otdlotx genes from HaloCynthia roretzi. We found that the expression pattern of Hroth is similar to that of vertebrate otx2. Hroth is expressed in both involuting mesoendoderm and anterior ectoderm during ascidian embryogenesis.
Results

Cloning and sequence of Hroth
Hroth was isolated from a 64-cell cDNA library using a DNA fragment amplified by PCR. The nucleotide sequence and conceptual translation of the cDNA are shown in Fig. 1A . Hroth encodes a protein consisting of 421 amino acid residues with the homeodomain close to the N-terminus like vertebrate otx genes. The amino acid sequence of the homeodomain of Hroth is highly similar to Drosophila orthodenticle, sea urchin SpOtx and vertebrate otx genes. The 9th residue of the 3rd helix is lysine characteristic of bicoid-related homeobox genes. Outside of the homeodomain, Hroth has several short stretches of amino acid sequence common amongst the vertebrate otx proteins. It should be noted that ascidian Hroth, Drosophila otd, sea urchin SpOtx and vertebrate otx2, but not otxl proteins, possess in common a stretch of glutamines on the C-terminal side of the homeodomain as shown in Fig. 1B. 
Spatial expression of Hroth
To examine the temporal and spatial expression pattern of Hroth, we carried out whole mount in situ hybridization with various stages of ascidian embryos. Embryos before the 32-cell stage did not show any signal over the background, which is consistent with the result of northern blot analysis (data not shown). 
I. Expression in the mesoendoderm
Up to IIO-cell stage Hroth expression is first detected as nuclear signals in the B6.1, B6.2 and B6.4 cell pairs during the earlier half of the 32-cell stage ( Fig. 2A,D) . The B6.1 pair gives rise to the endoderm, a digestive tract rudiment in the trunk of larva, and the endodermal strand which is a set of endodermal cells running in the ventral side along the length of the tail. Both B6.2 and B6.4 pairs produce mesenchyme and muscle, though the B6.2 pair develops into notochord as well (Figs. 2D and 3) . The same pattern is observed in the latter half of the 32-cell stage though the in situ signal is spread over the cytoplasm and becomes weak (Fig. 2B,E) .
In the 44-cell stage embryo, expression in the mesoendoderm becomes scarcely detectable, possibly because transcripts of Hroth spread over the cytoplasm during cleavage (Fig. 2C,F) . By the 64-cell stage, signals become detectable as nuclear again and expression starts in the Aline (anterior-vegetal) in addition to the B-line (posteriorvegetal) cells (Fig. 2J,M) . Therefore, in the vegetal hemisphere of the 64-cell stage embryo, the total number of Hroth-positive blastomere pairs is eight. In brief, five pairs (the A7.1, A7.2, A7.5, B7.1 and B7.2 pairs) among these give rise to the endoderm in common, two pairs (the B7.3 and B7.7 pairs) develop into the mesenchyme and the remaining A7.6 pair is the precursor of the trunk lateral cells (TLCs) (Figs. 2M and 3) .
By the 76-cell stage, Hroth expression begins to be detected in the B7.5 pair and the signal in the daughter cells of the B7.3 pair disappears (Fig. 2K,N) . In the vegetal half of the embryo at the 1 IO-cell stage, when most of the blastomeres have single developmental fates, there are nine pairs of Hroth-expressing blastomeres (Fig. 2L, O) . These include all the endoderm precursors (the A7.1, A7.2, A7.5, B7.1 and B7.2 pairs), all the mesenthyme precursors (the B8.5 and B7.7 pairs), the TLC precursors (the A7.6 pair) and one of the muscle precursors (the B7.5 pair) (Figs. 20 and 3) .
Hroth expression in the mesoendoderm between 32-cell and 1 IO-cell stage is summarized in Fig. 3 
(upper half).
During gastrulation Gastrulation of ascidians begins just after the 1 lo-cell stage. At the beginning of gastrulation, the endoderm precursors situated in the center of the vegetal hemisphere (future dorsal side) invaginate toward the animal (future ventral side) pole, followed by the surrounding prospective mesodermal cells. In the middle gastrula stage, the A-line endoderm precursors turn direction of its involution movement to future anterior in conjunction with enfolding movement of the ectodermal cells at the dorsal lip of the blastopore (Satoh, 1978) . During the subsequent course of gastrulation, the A-line endoderm precursors continue to involute toward future ante- the vegetal hemiindicated by bold rior, followed by the notochord precursors dorsally. Involution movement is almost complete by the early neurula stage and in the larva the A-line endoderm cells locate in the anterior part of trunk, ventral to the sensory vesicle (Nishida, 1987) .
When the endoderm precursors have just started invagination, intense expression of Hroth is still found in a similar pattern to that of the llO-cell embryo (Fig. 4A) . However, the level of Hroth expression in the endoderm precursors decreases rapidly as invagination progresses. In the early to middle gastrula stage, weak staining is observed in the endoderm precursors, while expression remains intense in the precursors of mesodermal cells (Fig.  4B) . During the later phase of gastrulation, expression in the prospective mesenchyme and muscle region gradually fades away (Fig. 4B-F) .
In the middle of gastrulation, however, intense expression of Hroth is again observed in the A-line but not B-line endoderm precursors (Fig. 4C ). In addition, expression in the precursors of TICS is maintained up to this stage (Fig. 4C) . When the specimen is dissected along the midsagittal plane, intense mesoendodermal expression of Hrofh at this stage is found to be restricted to the six Aline endoderm precursors and two TIC precursors on each side, while expression in the B-line endoderm precursors remains weak (Fig. 4D ). The signals in the A-line endoderm precursors are nuclear at the beginning, showing reactivation of Hroth expression (Fig. 4C,D ) and later they spread over the entire cytoplasm (Fig. 4E ), just as is seen when Hroth expression begins before gastrulation. The timing of this reactivation of Hroth coincides with change of the involution movement of A-line endoderm precursors: from this time point onward, the direction of involution is to the anterior. During the later phase of gastrulation, decreasing intensity of expression is detected (Fig. 4E) and it disappears by the early neurula stage, when involution movement is almost complete (Fig. 4F) . 'Weak expression in the B-line endoderm precursors ,also disappeared by the early neurula stage (Fig. 4E,F) .
In summary, the cells that express Hroth in mesoendoderm during gastrulation correspond to those of the anterior involuting cells. It should be noted that no expression of Hroth is detected in the notochord precursors throughout gastrulation (Fig. 4D-F ).
Expression in the ectoderm
Up to early gastrula Expression of Hroth in ectoderm is first detected during the latter half of the 32-cell stage in the a6.5, a6.7 and b6.5 pairs (Fig. 2B,H) . The a6.5 pair gives rise to the sensory vesicle, palps and pharynx primordium. The a6.7 pair is the precursor for the sensory vesicle and epidermis. The b6.5 pair develops into the visceral ganglion, caudal neural tube, epidermis, muscle and endodermal strand (Figs. 2H and 3) . The signal in the a6.7 pair disappears at the 44-cell stage (Fig. 2C,I ).
In the 64-cell embryo, signals are evident in the a7.9 and a7.10 pairs (daughter cells of the a65 pair) (Figs. 2J,P and 3). The signal in the daughter cells of the b6.5 pair vanishes and no expression in the b-line is found after the 64-cell stage (Fig. 2J,P) . In the 76-cell stage embryo, signals are confined to the a7.9 and a7.10 pairs (Fig.   KQ) .
From the 1 lo-cell to early gastrula stage, Hrorh is expressed in two rows of blastomeres on the anterior margin of the animal hemisphere (Figs. 2L and 4A,B) . The anterior row consists of three blastomere pairs, the a8.17, a8.19 and a8.25 pairs, which all develop into the sensory vesicle (Figs. 2R and 3) . The posterior row is composed of two pairs, a8.18 and a8.20 pairs, all of which give rise to the palps (Figs. 2R and 3) .
Expression of Hroth in the ectoderm between the 32-cell and 1 lo-cell stage is summarized in Fig. 3 (lower half).
Neural expression up to the tail bud stage From mid-
dle gastrula through neural plate stage, an antero-dorsal part of the embryo including the neural plate shows strong expression of Hroth (Figs. 4D, E and 5A, B) . This expression continues during neurulation and becomes restricted to the anterior part of the neural tube as development proceeds from the neurula to the early tailbud stage (Fig. 5C-F) . In the middle through late tailbud stage, expression remains restricted to the anterior neural tube, which corresponds to the prospective sensory vesicle region (Fig. 6A,B) .
Neural expression in the larva
The larval CNS of ascidians can be divided into three regions anteroposteriorly; the sensory vesicle, the visceral ganglion and the caudal neural tube, based on the cellular composition as described with Ciona intestinalis (Nicol and Meinertzhagen, 1991) . The description seems to be generally applicable to Halocynthia roretzi. The sensory vesicle contains a large cavity surrounded by ependymal cells, and within the large cavity there are at least two types of sen- (eG2), middle gastrula (mG) and late gastrula (IQ. In the diagrams, the blastomeres in which both or either of two genes are expressed are marked by closed circles or triangles, respectively. The blastomeres that give rise to the endoderm and notochord/mesenchyme are colored by orange and green, respectively. In the 64-and 1 locell stage embryos, Hroth and Hrlim are co-expressed mainly in the endoderm precursors (e). Expression of both genes becomes weak by the latter half of early gastrula stage and Hrlim expression in the endoderm precursors is not detectable after the middle gasn-ula stage. By contrast, as described above, Hroth expression is strongly activated again exclusively in the A-line endoderm precursors at the middle gastrula stage and persists at the late gastrula stage. sory organ, the ocellus and the otolith, both of which contain pigment cells. In the early larva, a high level of Hrofh expression continues in the sensory vesicle, including sensory pigment cells (Fig. 6C,D) . In the swimming larva, the expression domain becomes restricted to more anterior region (Fig. 6E,F) . By contrast, the cells in the visceral ganglion and the caudal neural tube never express Hrofh in the early or swimming larva (Fig. 6C,E) .
Outside of the CNS, transient Hroth expression appears at the early larva stage as two lines under the epidermis running from the middle to the anterior part of the trunk (Fig. 6C) .
Epidermal expression In addition to the strong expression in the anterior neuroectoderm, a weaker signal becomes detectable in the anterior portion of the epidermis from the neural plate stage (Fig. 5B) . The epidermal expression of Hrofh peaks at the early neurula stage (Fig.  5C ) and becomes gradually weaker during neurulation except that intense expression remains as a stripe around the anterior part of the trunk (Fig. 5C-E) . In the early to middle tailbud stage, the anterior border of the epidermal expression shifts anteriorly (Fig. 5F ). At the middle tailbud stage, the anterior epidermis of the trunk, except for the anterior tip, shows strong Hrofh expression (Fig. 6A) . By the late tailbud stage expression spreads to the anterior tip and the expression domain therefore becomes capshaped (Fig. 6B ). In the early and swimming larvae, expression of moderate intensity is observed in the anterior epidermis (Fig. 6C,E) .
Comparison of expression pattern of Hroth with thar of LIM class homeobox gene, Hrlim
To begin to assess a possible functional relationship between Hroth and the LIM class homeobox gene, Hrlim, we compared the expression pattern of Hrorh in the vegetal hemisphere with that of Hrlim which is a LIM class homeobox gene that is expressed before and during gastrulation in this organism . For this, embryos from a batch in which embryogenesis went on most synchronously were used and in situ hybridization was carried out under the same conditions for Hroth and Hrlim probes.
From the 64-cell to early gastrula stage, expressions of Hroth and Hrlim overlap in the endoderm precursors which start invagination at the beginning of gastrulation (Fig. 7) . Besides the endoderm precursors, Hroth and Hrlim are co-expressed in the B7.3 pair, precursors of the mesenchyme and B-line notochord, in the 64-cell stage embryo (Fig. 7) . Overlapping of the expression is not seen in other mesodermal cells (Fig. 7) . By the later phase of early gastrula stage, expressions of both genes in the endoderm precursors become weak almost synchronously. As described previously, Hroth expression is activated again in the A-line endoderm precursors at the middle gastrula stage and continues up to neural plate stage. By contrast, Hrlim expression in the endoderm precursors vanishes by the middle gastrula and does not appear again in this lineage (Fig. 7) .
3. Discussion
Hroth and vertebrate otx genes
In the present study, we have isolated Hroth, an ascidian homeobox gene related to the Drosophila otd. To date, a number of ord-related genes have been isolated from other deuterostomes such as sea urchin and vertebrates. In vertebrates, existence of two types of otdrelated genes, otxl and otx2, has been reported. To see the relationship between ascidian Hroth and the vertebrate otx genes, we compared the entire amino acid sequence of ascidian Hroth with those of mouse Otxl and 0tx2 (Simeone et al., 1992 (Simeone et al., , 1993 , Xenopus Xotx2 (Blitz and Cho, 1995; Pannese et al., 1995) and zebrafish zOtx1 and zOrx2 (Li et al., 1994) . From this comparison, close relationships among members of otxl genes and otx2 genes are confirmed. It is also shown that Hrofh is apparently distinct from vertebrates otd-related genes, which in turn suggests that Hroth diverged earlier than the diversification of otxl and otx2 genes.
Although the comparison did not support an orthology of Hroth to either otxl or otx2, Hroth appears to share more properties with otx2 than with ofxl. As discussed below, expression pattern of Hroth described here is more similar to that of orx2 than that of otxl.
Ascidian Hroth is expressed in both involuting mesoendoderm and anterior ecroderm
We have examined expression of Hroth using whole mount in situ hybridization and revealed that it is expressed in both involuting mesoendoderm and anterior ectoderm in the ascidian embryo. In vertebrates, otxl is expressed mainly in the anterior CNS, while otx2 is detected not only in the anterior CNS that overlaps otxiexpressing region but also in the anterior mesoendoderm (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; Bally-Cuif et al., 1995; Blitz and Cho, 1995; Pannese et al., 1995) . Thus, with respect to the overall expression pattern, Hroth is more comparable to orx2 than to orxl. Expression of Hroth in the endoderm precursors changes during gastrulation as the involution movement proceeds, so that the expression domain continuously coincides with the region that leads the involution of the cells. Thus, it is likely that Hroth in the endoderm precursors play a role in initiation and progression of involution movement in ascidian gastrulation. A similar suggestion has also been made with Xotx2 and c-otx2 in the gastrulation of Xenopus and chick embryos, respectively (Bally-Cuif et al., 1995; Pannese et al., 1995) .
qf Development 60 (1996) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] Furthermore, recent analysis of Otx2 knockout mouse phenotype has clearly shown that 01x2 is required for formation of an organized node and anterior axial mesoderm in the embryo at the early streak stage (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . Involvement in the gastrulation movement of mesoendodermal cells may be common among ascidian Hroth and vertebrate otx2.
Hroth is also expressed in the anterior neuroectoderm.
In the CNS of the early larva, expression of Hroth is found in the sensory vesicle. No expression is detected in the region posterior to this. In vertebrates, both orxl and otx2 are expressed in the developing forebrain and midbrain (Simeone et al., 1992 (Simeone et al., , 1993 Li et al., 1994; BallyCuif et al., 1995; Blitz and Cho, 1995; Pannese et al., 1995) . It is also likely that the ascidian Hrorh and the vertebrate otx genes share a conserved function in specifying the anterior part of the CNS.
3.3. The prospecrive A-line endoderm in an ascidian embryo and the prospective prechordal mesoderm in a Xenopus embryo: are they comparable regions?
Comparison of the prospective A-line endoderm in the ascidian embryo with the prospective prechordal mesoderm in the Xenopus embryo reveals notable similarities between the two regions in expression of otx cognates and cell movement during gastrulation.
As illustrated in Fig. 8 , we have shown that during gastrulation, Hroth is expressed in the prospective A-line endoderm but not in the following notochord precursors. In the notochord precursors, it has been shown that As-T, an ascidian homologue of brachywy, is expressed (Yasuo and Satoh, 1993) . Similarly, in Xenopus gastrulae, Xotx2 and the Xenopus homologue of brachyury, Xbra, are expressed in the prospective prechordal mesoderm (Blitz and Cho, 1995; Pannese et al., 1995) and in the prospective notochord (Smith et al., 1991; Vodicka and Gerhart, 1995) , respectively.
Both the prospective A-line endoderm in ascidian embryo and the prospective prechordal mesoderm in Xenopus embryo constitute the cell population that initiates involution to form the leading edge of migrating cells during gastrulation (Keller, 1976; Satoh, 1978) . The cells in each region migrate anteriorly along the overlying ectodermal layer (Keller, 1976; Satoh, 1978) , without exhibiting any obvious rearrangement of the cells, and finally spread in the head region (Keller and Tibbetts, 1989 ; according to cell lineage tracing experiments by Nishida, 1987) . This is followed by the prospective notochord, the cells of which exhibit active convergent extension movement (Miyamoto and Crowther, 1985; Keller and Tibbetts, 1989) . Thus, the prospective A-line endoderm in the ascidian embryo resembles the prospective prechordal mesoderm in the Xenopus embryo in regard to expression of otx-related gene, cell movement and the relative position to the prospective notochord during gastrulation. This raises the possibility that these two regions may play some equivalent role in the gastrulation.
In Xenopus embryo, the prospective prechordal mesoderm is known to function as a neural inducer (Mangold, 1933; Ruiz i Altaba and Melton, 1989) . In the ascidian embryo, it has been suggested that an inductive influence emanating from descendants of the A4.1 is required for those of the a4.2 to form the sensory vesicle and sensory pigment cells (Rose, 1939; Reverberi and Minganti, 1946; Reverberi et al., 1960; Okado and Takahashi, 1988) . However, it is still in enigma which of the A4.1 descendants constitutes the inducer of the sensory vesicle. Reverberi et al. (1960) suggested that in Ascidiella aspersa and Phallusia mammillata the inducer is the A-line endoderm and/or notochord precursors. However, Nishida (1991) has shown, using Halocynthia roretzi, that the precursors of the caudal neural tube are capable of inducing sensory vesicle pigment cells. Further analyses are required to assess the role of the prospective A-line endoderm in neural development in ascidian embryos. Among others, investigation of the role of mesoendodermal expression of Hroth in formation of the sensory vesicle is of particular importance, since it has been reported recently that Otx2 is essential for head organizer activity in the mouse embryo (Acampora et al., 1995) . In addition, cloning and expression analyses of ascidian counterparts of such genes as gsc and Xlim-I, which are also known to be expressed in the prospective prechordal mesoderm in Xenopus (Cho et al., 1991; Taira et al., 1992) , will give us more information on this issue. The cloning of these genes from ascidians is in progress in our laboratory.
Hroth and Hrlim are co-expressed in endoderm precursors in the initial gastrula but not in the late gastrula
In vertebrates, both otx2 and liml are expressed in the organizer and anterior mesodermal regions (Taira et al., 1992; Ang et al., 1994; Barnes et al., 1994; Li et al., 1994; Blitz and Cho, 1995; Pannese et al., 1995; Toyama et al., 1995) . Furthermore, Otx2 and Liml mutated mouse embryos show remarkably similar abnormalities in formation of node and prechordal mesoderm (Acampora et al., 1995; Matsuo et al., 1995; Shawlot and Behringer, 1995; Ang et al., 1996) , suggesting that they play roles co-operatively in these processes. Therefore, we made comparison between the expression pattern of Hroth in the vegetal hemisphere up to the late gastrula stage and that of a LIM class homeobox gene, Hrlim . Before gastrulation, between the 64-and 1 lo-cell stages, expressions of Hroth and Hrlim overlap in the endoderm precursors which start invagination at the initial stage of gastrulation. During the early gastrula stage, expressions of both genes in the endoderm precursors become weak almost synchronously.
These observations suggest that Hroth and Hrlim may be coordinately involved in the determination of the endoderm fate or in the initiation of the involution movement.
vector. The ligated materials were packaged in vitro as described previously (Saiga et al., 1991) .
Hroth expression becomes weak at the end of the early gastrula stage, but it is activated again at the middle gastrula stage in the A-line endoderm precursors. By contrast, Hrlim expression in the endoderm precursors vanishes by the middle gastrula and is not detected again in this lineage. From this expression pattern together with changes in direction of cell movement, we propose that the involution movement of ascidian gastrulation is divided into two phases. In the first phase both genes are expressed intensely in the endoderm precursors and involution movement directs toward the animal pole. Towards the end of the first phase, in the middle of gastrulation, the expression of both genes becomes weak. In the second phase, involution proceeds toward the anterior and Hroth is reactivated in the A-line endoderm precursors. This transition, disappearance of Hrlim and reactivation of Hroth, might be characteristic for ascidian embryogenesis and reflect a crucial event for morphogenesis of the ascidian embryos. Investigation of regulative mechanisms involved in this transition will give us further insight into the mechanisms of the body axis formation in the ascidian embryo.
Oligonucleotides
were synthesized for bicoid class homeobox and used for PCR. The nucleotide sequences for forward and reverse primers are 5'-GAGGATCC(AC) G(AGCT)AC(AGCT)A(CT)(AGCT)TI'(CT)AC-3' and 5'-TCGAAlTCC(GT)(AG)TT(CT)TT(AG)AACCA-3', respectively. PCR reaction mixture contained 10 mM TrisHCl (pH 8.3), 50 mM KCl, 2 mM MgCl*, 200pM each of dNTP, 10pM each of primer, 10% glycerol, 0.001% gelatin, 2.5 U Taq polymerase (Perkin Elmer Cetus) and about 0.01 pg 64-cell cDNA in 100~1 volume. Forty cycles were performed at 94°C for 60 s, 48°C for 60 s and 63°C for 120 s. The PCR products were separated on a 1.7% agarose gel and the band of 159 bp was excised. The DNA fragment was recovered through electroelution and cloned in the SmaI site of the pBluescript KS+ vector (Stratagene). The nucleotide sequence was determined by the cycle sequencing method using fluorescent dye primers (ABI) and ABI 392A sequencing apparatus. The DNA fragment identified as a part of otd-related gene was used for screening of the 64-cell cDNA library to isolate longer cDNA clones.
Whole mount in situ hybridization
Materials and methods
Whole mount in situ hybridization was carried out as described previously .
Ascidians
Preparation of probes
Adult ascidians, Halocynthia roretzi, were purchased from fishermen near Asamushi Marine Biological Station, Tohoku University, Aomori, Japan and Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, Japan. Naturally spawned eggs were fertilized with a suspension of sperm from other individuals, and fertilized eggs were raised in filtered sea water at 1 l-13°C. Embryogenesis went on synchronously in all batches of eggs. Samples at appropriate stages were collected by low speed centrifugation and were fixed for whole mount in situ hybridization or were frozen for RNA extraction.
A cDNA fragment (nucleotide 347-2701 in Fig. 1A ) was cloned in the SmaI site of the pBluescript KS+ vector. The plasmid DNA was digested with XhoI or BamHI and used as template for in vitro transcription. The RNA probe was synthesized using Boehringer Mannheim DIG RNA Labeling Kit according to the supplier's instructions. After incubation, the reaction mixture was treated with RQ DNase (Promega) and the transcripts were hydrolyzed by incubation in 40 mM sodium hydrogen carbonate, 60 mM sodium carbonate at 60°C to an average length of 300 nucleotides.
